Introduction
The basic process of most commercial examples of photocatalysis involves the semiconductor (SC)-sensitised oxidation of an undesirable pollutant, P, by ambient oxygen [1] , i.e. SC P + O2  oxidation products,
(1) h  Ebg where h is an absorbed photon of energy  the bandgap of the semiconductor, Ebg.
Research shows that reaction (1) can be effected for a wide range of species, P, which may be gaseous (e.g. VOCs and NOx), solid (such as: stearic acid and soot) or dissolved in aqueous solution (e.g. 4-chlorophenol or methylene blue) [2] . P can also be a biological species, such as bacteria, viruses, algae or moulds [1, 3] . In many cases the pollutant is eventually mineralised; which, in the case of an organic species, involves the production of CO2, H2O and, if hetero atoms are present in the structure, mineral acids [2] .
Almost all commercial photocatalytic products use anatase TiO2 as the semiconductor photocatalyst, for which Ebg = 3.2 eV ( 388 nm) and so are exclusively UV-absorbing [1, 4, 5] . Most of these products fall under one, or more, of the following different categories of function: (1) self-cleaning, usually architectural materials, such as paint, coated glass, coated tiles, coated or embedded concrete and coated or embedded fabrics (usually awnings), (2) antimicrobial coatings (usually paints and spray coatings), (3) air purification materials (such as: coated and embedded concrete, coated tiles and porous ceramics), (4) antifogging glass (usually coated mirrors) and (5) water purification systems (usually aqueous dispersions of TiO2 powders) [1, 4, 5] .
The emergence of a strong and growing photocatalytic materials industry, and a concomitant plethora of products, has resulted in the development of a number of different ISO tests to assess the activities of the various photocatalytic surfaces in terms of their different promoted functional features, such as self-cleaning, air purifying and/or surface sterilising activity [6] . Unfortunately, most of these tests are very time consuming to run, i.e. typically 3-5 h. They also usually require expensive analytical equipment, such as UV/Vis spectrophotometers (e.g. the methylene blue [10])). As a result, these tests are largely constrained for use in the laboratory only and are not inexpensive to set up and run, both of which provide a barrier to their widespread use.
As part of various efforts to identify faster, simpler, less expensive tests, we have reported previously on a simple, inexpensive method for providing a measure of the overall photocatalyst activity of photocatalytic films, such as found in commercial self-cleaning glass, paints and tiles [11, 12] . In this work, a photocatalyst activity indicator ink, i.e. paii, is used, which comprises: a redox-sensitive dye, Resazurin (Rz), a sacrificial electron donor (i.e. SED, e.g. glycerol) and a polymer, hydroxyl ethyl cellulose (HEC), encapsulating agent [11] [12] [13] . This water-based Rz ink is used to coat the photocatalytic film under test so that, upon the subsequent ultra-bandgap irradiation of the photocatalytic sample/dried ink film combination, the photogenerated holes on the photocatalytic film react quickly and irreversibly with the glycerol SED (to form glyceraldehyde/glyceric acid), leaving the photogenerated electrons to reduce the blue-coloured Rz dye to pink-coloured resorufin, Rf. The overall process can be summarised as follows [11] [12] [13] [14] :
Since Rz (blue) and Rf (pink) are differently coloured, it follows that if the material under test is photocatalytically active, then UV irradiation will produce a blue to pink colour change in the ink at a rate that is related to the activity of the photocatalytic film under test. The Rz ink test thus provides both a simple qualitative and quantitative test of overall photocatalytic activity.
The Rz ink was the first of a number of different subsequent paiis that have been used to probe the activities of self-cleaning photocatalytic materials, of low (e.g. tiles), medium (e.g. glass) and high (e.g. paint) activity commercial products [13] [14] [15] .
These inks have been used to create a recently-proposed, quick and simple quantitative activity test for such materials [15] and the Rz ink, in particular, has been used for measuring the photocatalytic activities of indoor and outdoor self-cleaning glass, using just a mobile camera and app [16] .
To date, much of the focus of paii research has been with regard to finding the best ones for probing the different activities exhibited by the various diverse, popular commercial photocatalytic products, such as glass, tiles, paint, fabric and concrete [13, 15] . Interestingly, in most cases, it has been noted that, under normal operating conditions, the kinetics of dye reduction is zero-order with respect to the concentration of the dye in the film [13] . However, the fundamental kinetics of reaction (2) [13] . Although it is possible to postulate a kinetic mechanism for the photocatalytic process, reaction (2) , that would provide a plausible rationale for such 'zero-order' kinetics, this would be to forget that the 'normal' operating conditions, referred to above and used in most previous work, includes UV irradiation through the paii film in air. As a consequence, any proposed mechanism based on the above kinetic findings may be flawed, since the usually observed zero-order kinetics may actually arise from a distortion of the real kinetics of reaction (2), i.e. a 'kinetic disguise' [18] due to: (a) absorption of the incident UV light by the dye, in oxidised and reduced form, i.e. Dox and Dred, respectively, as it passes through the paii film and (b) competition for reaction with the photogenerated electrons on the photocatalytic film with Rz, by ambient O2 dissolved in the ink film.
In both cases, the effects of (a) and (b) may change significantly during the course of the photoreduction process due to changes in the concentrations of Dox, Dred and O2
in the ink film. Note that in the case of the Rz paii, it follows that Dox = Rz and Dred = Rf.
In this paper, the steady-state illumination kinetics are reported for reaction (2) on a commercial sample of self-cleaning glass in which the above possible pitfalls are avoided by irradiating the sample through the back of photocatalytic glass, under anaerobic conditions. The kinetic model used to provide a rationale for the observed kinetics is then probed further, through a study of the kinetics as a function of ink film dye concentration and thickness.
Experimental

Materials
All chemicals were purchased from Aldrich Chemicals and used as received. All gases were purchased from BOC. In all the work reported here the commercial, selfcleaning photocatalyst-coated glass used as the photocatalyst test substrate was Activ™, manufactured by Pilkington Glass, which comprises a 15 nm CVD coating of anatase titania on 4 mm window glass coated with a thin barrier layer of silicon carbide [19] . The test pieces, always 25x25 mm square, were cleaned by wiping with a methanol-soaked lens-tissue, before being coated with the Rz-based paii.
Rz Ink preparation and coating
The Rz ink comprised 1.33 mg of Rz, 133 mg of glycerol added to 1 mL of a 1. 
Rz ink film irradiation and spectrophotometric monitoring
Before irradiation, the sample under test was placed in a two, diametrically opposed, windowed irradiation cell which was flushed with either air, or -more usually -Ar, both humidified, so that the relative humidity, RH, was 45%, at 21 o C. A schematic illustration of the ink-coated sample and cell are given in figure 1. The absorbance of the cell was monitored spectrophotometrically through the cell's windows, and all UV/Vis spectra and absorbance values recorded using a Cary 60 UV/Vis spectrophotometer. In all runs, the ink-coated, glass sample under test was used as one of the windows of the cell, with the paii ink film always facing inwards,
i.e. towards the ambient gas phase (usually Ar) in the cell. UV irradiation of the photocatalyst sample was always carried out through the back (i.e. ambient airfacing) face of the sample under test. All UV irradiations were performed using two, 4 W black light blue (BLB) lamps, with an emission peak at 368 nm. Each sample under test was irradiated with an incident UV irradiance of 1 mW cm -2 . (2), and the overall effect it has on the UV light transmitted to the semiconductor photocatalyst coating, if irradiated through the ink side, are unlikely to produce a significant distortion in the observed kinetics for reaction (2) .
Results and Discussion
The kinetics of photocatalysed reduction of the Rz dye in a typical Rz ink film
The data in figure 2 were used to construct the plot of the change in absorbance at 608 nm due to the photocatalysed reduction of Rz, i.e. Abs, as a function of irradiation time in Ar illustrated in figure 3 , which also has the relevant data for a typical film when irradiated in air. From the results illustrated in figure 3 , it is clear that the rate of reaction (2) is markedly (by ca. 42%) reduced when O2 is present, due to either direct or indirect competition by the O2, with the Rz, for the photogenerated electrons at the TiO2 film.
This competition may occur either directly, i.e. via the reaction of dissolved O2 with the photogenerated electrons, i.e.
O2 + TiO2(e -)  O2 -+ TiO2 (3) or indirectly, given the reduction of Rz to Rf is a two electron process, via the reaction of dissolved O2 with the partially reduced form of Rz, i.e. Rz -:
Either reactions (3), or (4), would reduce the overall observed rate of reaction (2), as indicated by the plots in figure 3 . These results show that there is a clear need to carry out any investigation of the kinetics of reaction (2) under anaerobic conditions, so as to be able to avoid complications due to interference from possible Rz dye reduction rate reducing reactions (3) and (4), as suggested earlier. Interestingly, from the two kinetic traces illustrated in figure 3 , it is clear that even in the presence of O2, the overall kinetics for reaction (2) remain zero-order.
Quantum yield for the photocatalysed reduction of the Rz dye in a typical Rz ink film
The reciprocal length of TiO2 at 368 nm, i.e. , is ca. 4.3x10 4 cm -1 [21] , and the TiO2 film thickness for Activ™, self-cleaning glass is ca. 15 nm [19] . Thus, the absorbance of the TiO2 film at 368 nm will be = 0.434x15x10 -7 = 0.028, and so only ca. 6.2% of the incident 368 nm UV light will be absorbed by the TiO2 film. Since the incident UV irradiance, , was 1 mW cm -2 , equivalent to 3.07x10 -9 moles of photons cm -2 s -1 , it follows the estimated rate of absorption of the incident UV light will be (2) under Ar has an approximate %quantum yield = 5%. Given that the reduction of Rz to Rf is a two electron process, see reaction (2), it follows that the quantum yield for trapping of photo-generated electrons by the Rz in the ink film is ca. 10%, which is ca. 10 times that measured for the same photocatalytic film when sensitising the mineralisation of stearic acid by O2 [19] . A quantum yield of 10% is quite high for a photocatalytic process, presumably because of the presence of the highly efficient photo-generated hole trap, glycerol. Reflection losses or bulk electron-hole recombination -rather than surface recombination -maybe the main cause for the still low value of 10%, and some support for this comes from the work of Wang et al, on the photocatalytic properties of mesoporous films of TiO2, which will have a much higher surface area/volume ratio than compact films, who report a quantum yield value for reaction (2) of ca. 62% [17] .
Effect of [Rz] on the kinetics of photocatalysed reduction of an Rz ink film
The decay profile illustrated in figure 3 , for reaction (2) carried out under anaerobic conditions, demonstrates that the kinetics is zero-order with respect to [Rz] in a single kinetic run. However, it is possible that this type of kinetics is the result of some distortion of the initial, actual kinetics due, say, to the accumulation of reaction products, such as Rf and oxidised glycerol.
In order to try to established the true nature of the initial kinetics of reaction (2) It is generally accepted that most examples of semiconductor photocatalysis fit a Langmuir-Hinshelwood type kinetics expression [23] , i.e.
Rate = kobsKobs[P]/(1 + Kobs[P])
where P is the surface pollutant (Rz in this case), kobs is the observed rate constant, , and/or when a very efficient electron or hole trap species is present, so that electron-hole recombination is a minor process.
In the work described here,  is fixed (= 1 mW cm -2 ) and [Rz] is large and so it is perhaps not too surprising, given the general empirical rate expression eqn (5) , that the observed kinetics of reaction (2) 
where, kobs is independent of [Rz]. Previous work [12] has established that for reaction (2) , kobs is also proportional to , but directly dependent upon , as might be expected given the glycerol present, in vast excess in the paii film, is highly effective as an initial surface hole trap, thereby ensuring that direct surface electron-surface hole recombination is a minor process [17] . 
where b is the ink film thickness. The above equation predicts the rate (units: M s -1 )
is independent of [Rz] and inversely dependent upon b.
In this work, the decay in absorbance due to Rz, at 608 nm, is measured as a function of irradiation time and each decay profile yields an approximate straight line over most of the decay with an average gradient, dAbs/dt (units: s -1 ). From eqns (6) and (7) and inversely dependent upon b (see eqns (6) and (7) 
where, t is the real time and D is the diffusion coefficient of Rz in the ink film. This model is identical in form to that for the desorption of a gas from a medium, for which it can be shown that the average concentration, in this case of Rz, at time, , i.e.
[Rz] is given by the following expression:
where, [Rz] 0 is the concentration of Rz at  (or t) = 0 and  = n + 2 [24, 25] . Using this (2) is diffusion-controlled. The data illustrated were calculated using eqn (10). The insert diagram is a first-order plot of the data in the main diagram, which reveals a reasonable fit to first order kinetics.
Effect of Rz ink film thickness, b, on the kinetics of reduction of an Rz ink film
If the kinetics were diffusion-controlled, it might be expected, from eqn (9), that the rate, d
[Rz]/dt, will depend directly upon the reciprocal of b 2 . If, on the other hand, the kinetics were purely activation-controlled and described by eqn (6) then the rate will depend upon b -1 , or, more practically, the measured kinetic parameter, dAbs/dt, will be independent of b, as predicted by eqn (8). In order to test this prediction, a series of Rz ink films of different thickness on Activ™ glass were generated by using different K-bars. Table 1 lists the different wet and dry ink film thicknesses produced. The former were obtained from the K-bar manufacturer's data sheet [20] , whilst the latter were obtained from an analysis of the interference patterns exhibited by each of the final, photocatalytically reduced Rz films; the spectra of the reduced forms of the inks were used because the interference bands exhibited by the ink films were more discernible when all the Rz had been converted to Rf. [27] , who predicted that, such a film would exhibit a spectrum that had a series of interference maxima and minima, as illustrated in figure 6 for a typical (K-bar 3) reduced Rz film on Activ™, with integer, , values 0, 1, 2, etc, starting from the longest wavelength peak, or trough. Swanepoel showed that, in such a system,  is related to the thickness of the film, b, via the expression [27] :
Where nf is the refractive index of the film and  is the wavelength of the peak or trough associated with the value of . For example, from the data in figure 6 , four  and  pairs, were gleaned and then used to generate the subsequent straight-line plot, illustrated in figure 7, of /2 vs nf/, where nf was taken to be that of glycerol,
i.e. 1.4746 [28] . From the gradient of this plot a value of 2.1 µm was obtained for b for a typical (K-bar 3) film. In this work, the above interference method was used to determine all the 'dry' thicknesses of the Rz films listed in table 1. In this study, it was also demonstrated that the absorbance due to Rz at 608 nm was proportional to b, i.e. the films obeyed Lambert's law, and that the molar absorptivity of Rz, (Rz), at 608 nm in the ink films was ca. 47000 M -1 cm -1 , which is similar to that reported for aqueous solutions of Rz (i.e. 42,000 -58,000 M -1 cm -1 ) [29] ; other work
shows that the variability in the reported values of (Rz) is primarily due a variation in manufacturer dye purity [29] . Work is currently planned to test these predictions, using either much thicker ink films or much more active (mesoporous) films of TiO2 than used in the present study.
The results of this work are relevant to the increasing number of researchers that are using paiis to assess the activity of their photocatalytic films [30] [31] [32] [33] [34] [35] .
